Abstract The isolated longitudinal or circular muscle strip of rat uterus on day 20 of pregnancy becomes quiescent when incubated with Krebs solution for about 2 hr. Electric stimulation gave rise to a twitch-like contraction with a small amplitude instead of the spontaneous phasic contraction observed during the early period of incubation. When saponin (30-500 µg/ml) was applied, the basal tension was elevated and spontaneous contractions having large amplitude were elicited. The amplitude was larger than the phasic contraction of the K-contracture observed prior to the saponin treatment. The membrane was depolarized by about 25 mV, and periodic burst discharge was generated at the onset of saponin treatment. Raising the external Mg concentration from 0 to 2.4 mM in steps caused a depression of contractions in a dose-dependent manner before treatment with Saponin, whereas the depression by Mg was much reduced after saponin treatment. The saponintreated muscle recovered to exhibit control activity when tissues were superfused with Krebs solution for hours, i.e. the membrane was repolarized, the duration of action potential was detracted, and the depressant effect of Mg was again potentiated. For comparison, the effects of saponin and Mg on the contractions of ileal longitudinal muscle of pregnant rat were studied. In view of the above observations, the following were discussed. 1. Saponin impaired the depressant effect of Mg on the generation of contractions. 2. The membrane once impaired by saponin recovered in vitro probably under the influence of the genomic effect of ovarian hormones, a phenomenon which appeared characteristic for pregnant uterus.
gents are used as tools to study the structure-function relationships of excitable membranes in which the agents split membrane substrate or some bioactive substances are produced by enzyme reaction (See NARAHASHI 1974, for review) . Saponin, a glucoside detergent, acts on cholesterol molecules in the membrane and makes holes in the cell membrane (OHTSUKI et al., 1978) , and is thus utilized for preparing chemically skinned smooth muscle fibers (ENDO et al., 1977) .
Isolated muscle strips of rat uterus at late pregnancy are usually spontaneously inactive when incubated with Krebs solution for hours . It was found in the present experiment that spontaneous contractions were induced when saponin was applied. Besides the original use of saponin for chemical skinning, the phenomenon seemed of physiological interest given the hope that the excitability of uterine muscle would be understood in terms of membrane substrates. Contractile and membrane responses caused by a brief treatment with saponin were studied in combination with the effects of external Mg concentration.
METHODS
Daily vaginal smears were taken from Wistar-strain female rats. The females on proestrus were caged with males overnight, and mating was confirmed by the presence of sperm in the vaginal smear on the following morning. When successful mating was proved, the day was counted as day 1 of pregnancy. The present work was carried out on uteri taken from animals sacrificed in the morning (8: 30-9: 30) on day 20 of pregnancy. The uterus was cut open along the mesometrium, and the endometrium was removed carefully using jeweler's forceps. Longitudinal and circular muscle strips were separately dissected with fine scissors from the antimesometrial part of the placental attachment in the ovarian portion of the uterus. The longitudinal muscle strip was prepared from the ileum of pregnant rat (day 20 of pregnancy) after the method described by PATON (1964) .
Intracellular recording of the membrane activity was made on muscle strips 1 mm wide and 5 mm long by conventional microelectrodes filled with 3 M KCI, in the partition chamber as described by ABE and TOMITA (1968) .
For mechanical recording alone, muscle strips 0.5 mm wide and 3 mm long were set up vertically in a recording chamber, and connected to a force transducer. Ag-AgCI electrodes were placed near the ends of a muscle strip, and an electric pulse of 300 msec duration with an intensity about twice as strong as rheobase was applied when necessary.
The control solution (Krebs solution) had the following ionic composition (mM) : NaCI 121.9, NaHC03 15.5, KCl 4.7, KH2P04 1.2, CaCl2 2.5, MgCl2 1.2, and glucose 11.5. High K solution was prepared by replacement of NaCI with equimolar KCI. Ca was omitted and 0.5 mM EGTA titrated with NaOH was added to prepare the Ca-free solution. Solutions were equilibrated with a gas SAPONIN AND UTERINE EXCITABILITY 701 mixture of 95 %02 and 5 %C02. Experiments were carried out at 37+0.5°C. Drugs used were saponin (Sigma) and ethylene glycol bis-N,N,N',N'-tetraacetic acid (EGTA, Nakarai). Saponin was dissolved in Krebs solution, and was applied about 3 hr after the incubation of muscle preparations was started.
RESULTS

Circular muscle
The pregnant rat uterus in vitro undergoes changes in contractile activity. Figure 1 illustrates changes in spontaneous contractions in the circular muscle on day 20 of pregnancy, and effects of external Mg concentrations on the contractions depending on incubation period. The muscle strip exhibited spontaneous contractions during 30 min incubation in Mg-free Krebs solution (A). Raising the external Mg concentration from 0.6 to 2.4 mM in steps did not cause a significant change in the amplitude of contractions, but the frequency of phasic contractions was decreased dose-dependently. Spontaneous activity was present after 100 min incubation with Mg-free Krebs solution (B). Spontaneous contractions stopped when 0.6 mM Mg was applied, but phasic contractions were evoked by electric stimulations, and the amplitude was slightly depressed. Raising the Mg concentration (2.4 mM) depressed the amplitude of contraction further. The muscle strip became spontaneously inactive after 160 min incubation (C). The amplitude of contraction in Mg-free solution evoked by electric stimulation was slightly smaller than before. Raising the Mg concentration from 0 to 2.4 mM in steps caused a pronounced depression of evoked contractions in a dose-dependent manner. Vol. 34, No. 4, 1984 Changes in the membrane activity due to the incubation period were studied by intracellular microelectrode technique (Fig. 2) . The muscle strip was prepared at room temperature, then immersed in Krebs solution at 37°C in the recording chamber. Action potentials composed of spikes and slow potential were generated spontaneously during the initial incubation period (A,B). As the immersion in Krebs solution was longer, the frequency of spontaneous activity decreased, and the duration of slow potential gradually decreased (C). The muscle became quiescent after 4 hr incubation, and the action potential evoked by electric stimulation was composed of initial spike potential followed by negative afterpotential (D). The resting potentials during the first 30-60 min and after 3 hr of incubation were 45 mV and 50 mV, respectively. When the external K concentration was raised to 11.8 mM, the membrane was depolarized by 10 mV and spontaneous action potentials composed of spike and slow potential reappeared (E). Figure 3 shows the effects of raising the external Mg and K concentrations on contractile activity, and applying 50 µg/ml saponin. The muscle strip had been incubated with Mg-free solution for 3 hr, when the frequency of spontaneous contractions was gradually diminished until the preparation became spontaneously inactive (A). Application of 1.2 mM Mg caused strong depression of evoked contractions. The amplitude of evoked contraction was augmented when the external K concentration was raised to 11.8 mM, and spontaneous contractions having large amplitude reappeared and the duration was protracted when 17.7 mM K was applied. A K-contracture composed of initial phasic and following tonic contractions was generated when 126.8 mM K was applied. The amplitude of phasic contraction of K-contracture was nearly equal to the contraction generated in the presence of 17.7 mM K (B). Successively, 50 ,ug/ml saponin was applied. The basal tension was progressively elevated, and phasic contractions having Japanese Journal of Physiology larger amplitude and longer duration were induced. The basal tension during the saponin treatment was nearly the same or even elevated compared with the tonic contraction of the K-contracture. Figure 4 shows the effects of 50 µg/ml (A, B) and 500 cg/ml (C) saponin on two different muscle strips. Muscles were immersed in Krebs solution until the spontaneous contractions ceased after 2 hr, and evoked contractions exhibited the twitch-like contraction (left in A and C). As can be seen in A, the basal tension was elevated and spontaneous contractions were generated when 50 ,ug/ml saponin was applied for 20 min. The elevation of basal tone proceeded, and a maintained contraction was produced 15 min after saponin was withdrawn from the bathing media. The basal tone then gradually lowered, and phasic contractions reappeared. B is a continuation of A. The basal tone gradually declined, the amplitude of phasic contractions was augmented, and the frequency decreased progressively by immersion in normal Krebs solution. Spontaneous contractions stopped, and twitch-like contractions were evoked by electric stimulations after 1 hr of further immersion. C shows the effects of a brief treatment with 500 ,ug/ml saponin. The onset of the saponin effect was rapid, and the basal tension was more elevated. In other respects, the recovery in normal Krebs solution was essentially the same as shown in A and B.
Effects of saponin were studied by simultaneous recording of electrical and mechanical activities (Fig. 5) . The muscle strip was immersed in Krebs solution Vol. 34, No. 4, 1984 Saponin (50 yg/ml in A, and 500 yg/ml in C) was applied during the period interpolated by triangles.
B is the continuation of A. Broken lines show the basal tension level before the treatment with saponin. Dots indicate electric stimulations. and during recovery by wash with Krebs solution (C-J) . The preparation was incubated with Krebs solution for 300 min, and 100 yg/ml saponin was applied at the time indicated by triangle (A). Record B was taken 5 min later . Saponin was administered for 13 min, then the tissue was exposed to normal Krebs solution for 6 min (C for 2 hr, and was made spontaneously inactive. The electric stimulation gave rise to an action potential composed of a spike followed by a slow potential, and a twitch contraction was generated (left in A). When 100 ,ug/ml saponin was applied, the membrane was depolarized by 5 mV, and spontaneous action potentials were generated (right in A, B). Slow potentials were prolonged and spike potentials superimposed. The time course and configuration of action potentials during saponin treatment resembled those generated during the early incubation period with Krebs solution (cf. Fig. 2 ). The accompanying contraction was protracted and of large amplitude. An increase in the spontaneous activity and depolarization progressed even after the withdrawal of saponin (C-G), then gradually recovered (H-I). The membrane was repolarized and the action potential recovered to the control response with 3 hr immersion in Krebs solution (J) Figure 6 shows effects of external Mg (1.2 and 2.4 mM) on contractile activity. As can be seen in A (left), the removal of Mg potentiated, and 2.4 mM Mg nearly suppressed the evoked contractions before the saponin treatment. Saponin (100 ,ug/ml) elevated the basal muscle tone, and produced spontaneous contractions in the presence of 1.2 mM Mg. During the recovery by immersion in normal Krebs solution, effects of removal and raising Mg to 2.4 mM were successively investigated (A, B, C, D). During the early period of recovery, the removal of Mg from the bathing media caused an acceleration of spontaneous contractions, and the basal muscle tone was remarkably elevated. Administration of 2.4 mM Mg sta- Vol. 34, No. 4, 1984 bilized the contractile activity, however to a very small extent when compared with the effect of 2.4 mM Mg before treatment with saponin (A). The basal tone was slightly elevated when external Mg was removed, and was lowered when 2.4 mM Mg was applied during 100 min of further exposure to Krebs solution (B). The amplitude of phasic contractions was nearly equal in the presence of either Mg concentration. During 80 min of further immersion in Krebs solution, the frequency of spontaneous contractions was much reduced (C). The frequency and amplitude of spontaneous contractions increased when external Mg was removed, and spontaneous activity was stopped by the application of 2.4 mM Mg. The amplitude of evoked contractions was large enough. The muscle became quiescent after 60 min of further exposure to Krebs solution (D). The amplitude Japanese Journal of Physiology Fig. 7 . Effects of removing the external Mg on the contraction (upper trace) and membrane activity (lower trace). Mg was removed 5 min after the saponin treatment in the continuous presence of 100 yg/ml saponin. The broken line shows the basal tension level prior to the saponin treatment. Fig. 8 . Effects of external Ca concentrations on the contractions during the early recovery period after saponin treatment. Saponin (500 µg/ml) was applied during the period interpolated by triangles. Changes in the Ca concentration are indicated by lines shown below. Broken line shows the basal tension level before the application of saponin. Mg (1.2 mM) was present throughout.
of evoked contraction was small in the presence of 1 .2 mM Mg, and increased when external Mg was removed. The evoked contractions were strongly depressed by applying 2.4 mM Mg. When the external Mg was omitted during treatment when 100 ,ug/ml saponin, the membrane was rapidly depolarized at the level of -25 mV and the muscle underwent a contracture (Fig . 7) .
Effects of the external Ca concentrations on the contractile activity were studied during the early recovery period (Fig. 8) . The muscle strip was treated with 500 ,ug/ml saponin for 7 min, then was exposed to normal Krebs solution . The spontaneous contractions were abolished, and the basal tone was lowered in the Ca-free solution. The muscle tone was slightly lowered , and the amplitude of phasic contractions augmented by raising the external Ca to 7 .5 mM.
Longitudinal muscle
Incubation of the longitudinal muscle in Krebs solution caused much the same effect on the contractile activity as in the circular muscle, i .e. the amplitude and frequency of spontaneous contraction were depressed as the incubation period was prolonged (cf. . Figure 9A shows the effect of 30 ug/ml saponin on the contractile activity . The basal tone was slowly elevated , and the amplitude of twitch contraction augmented by the treatment with saponin. When the slope of basal tone increased , saponin was withdrawn. Spontaneous contractions with a large amplitude and Vol. 34, No. 4, 1984 protracted time course were generated for about 30 min thereafter. The basal tone gradually declined, and spontaneous contraction became less frequent. Still, large contractions could be evoked by electric stimulations. Twitch-like contractions were evoked finally. A contracture was rapidly generated by applying 200 µg/ml saponin, and the muscle tone was elevated during the early recovery period (Fig. 9B) . During this period, the evoked contraction exhibited twitchlike contractions. Phasic contractions were then spontaneously generated, and lasted for about 2 hr in normal Krebs solution. C is the continuation of B. Spontaneous contractions ceased, and electric stimuli generated initially full-sized contractions, then twitch-like contractions. The basal tension progressively declined. Figure 10 shows the simultaneous recording of the membrane activity and contraction. The control activity was a single spike potential evoked by electric stimulation, which was accompanied by a twitch contraction (A). Application of 100 µg/ml saponin caused a spontaneous generation of burst discharges of spikes at the onset, and the membrane was progressively depolarized (B). Phasic conJapanese Journal of Physiology tractions were elicited upon the elevated muscle tone. Then, the membrane underwent a sustained depolarization at a level of -25 mV, and a contracture developed (not shown). C, D, and E show the recovery process which was observed during 150 min wash with Krebs solution. The membrane activity proceeded from burst discharge (C, D) to twin spikes (E). The amplitude of phasic contractions decreased accordingly.
Longitudinal muscle of rat ileum
The isolated longitudinal muscle strip of rat ileum was spontaneously active in the Mg-free K.rebs solution (Fig. 11A) . The frequency and amplitude of contractions decreased as the external Mg concentration was raised to 2.4 mM in steps, and spontaneous contractions were abolished when 3.6 mM Mg was administered. In the continuous presence of 3.6 mM Mg, 50 ug/ml saponin was applied for 25 min, then withdrawn. The muscle tone was rapidly elevated, and spontaneous contractions were generated during the application of saponin. The muscle tone declined when saponin was withdrawn, yet spontaneous contractions persisted in the presence of 3.6 mM Mg. B is the continuation of A. When external Mg Vol. 34, No. 4, 1984 was removed from the bathing media, the muscle tone was elevated, and amplitude of phasic contractions augmented. A similar effect was caused later (right). Spontaneous contractions persisted without the decrease of plitude and frequency for 1 hr of further observation. 
DISCUSSION
Saponin was introduced in the field of muscle physiology in order to destroy plasma membranes, and thereby prepare chemically-skinned muscle fibers. The present results revealed other aspects of saponin action, i.e. the agent enhanced the excitability and contraction of uterine and ileal muscles of pregnant rat. Enhanced excitability characterized by the membrane depolarization and generation of burst discharges in both the circular and longitudinal muscles of pregnant rat uterus recovered to previous excitable states when tissues were superfused with normal saline media for hours.
The membrane potential will fall down around zero in Krebs solution, when the chemical skinning is complete, since even macromolecules are shown to permeate through the holes within the plasma membrane made by saponin treatment (ferritin, OHTSUKI et al., 1978; calmodulin, OCHIAI et al., 1981) . The membrane of uterine muscle was depolarized to -25 mV in Krebs solution by the treatment with 100 ug/ml saponin for about 10 min (Figs. 5 and 10) . Therefore, the skinning of surface membrane was incomplete in the present experiment. The incomplete skinning was unlikely due to the large size of the muscle strip used, because the phasic contraction of a whole muscle strip and the membrane activity recorded by a microelectrode in a cell located at the superficial layer were synchronous. Incomplete chemical skinning in the present experiment was due to either the short period of saponin treatment, the different composition of the treating media, of the temperature of solutions (cf. ENDO et al., 1977) . A complete skinning has been reported for rat uterine muscle (OcHIAI et al., 1981) , therefore a treatment with EGTA in combination with saponin contained in the treating media is likely responsible for achieving the complete chemical skinning. Similar to the complete skinning with saponin, the elevation of basal tone appears due to Ca influx, because phasic and resting contraction were suppressed in the Ca-free solution. The basal tension was not elevated, but slightly reduced by raising external Ca concentration (Fig. 8) . Basal tension was remarkably elevated during the early recovery period from saponin treatment when the external Mg was removed, whereas the Mg removal did not affect the basal tension before the treatment with saponin (Fig. 6) . Moreover, the depolarization proceeded to a greater extent by saponin treatment when the external Mg was removed (Fig. 7) . Therefore, it is possible to deduce that the membrane site of Mg action in reducing Ca permeability was damaged by the treatment with saponin.
The suppression of the slow potential by incubation in Krebs solution and a consequent depression of contraction seem due to the hyperpolarization of membrane and/or an increase in the depressant action of Mg ( Figs. 1 and 2 ; cf. . Slow potential once suppressed by the incubation reappeared when the membrane was depolarized by raising external K concentration (Fig. 2) . Therefore, the generation of slow potential in the circular muscle (and burst discharge of spike potentials in the longitudinal muscle) by the treatment saponin (Figs. 5 and 6) was due at least partly to the depolarization of the membrane on the one hand, and due to the removal of a depressant effect of Mg on the generation of slow potential on the other. Phasic contractions produced by treatment with saponin exhibited a larger amplitude compared with the spontaneous contractions generating in the absence of external Mg (Fig. 3) . The amplitude of phasic contractions increased progressively during saponin treatment at the onset, although the action potentials were nearly identical (Fig. 5A) . Contractions of smooth muscles are potentiated under the influence of excitatory drugs by an increase in the Ca influx from outside, and/or mobilization of stored Ca (See BOLTON 1979, for review). Although the sarcoplasmic reticulum and mitochondrial membranes become sufficiently permeable to permit ferritin entry with excessive treatment with saponin (OHTSuKI et al., 1978) , they are not damaged by a mild treatment (STOUT and DIECKE,1983) . In rabbit mesenteric arteries skinned with saponin, noradrenaline or caffeine elicited contraction (HAEUSLER et al., 1981) . It was shown that in the saponintreated guinea pig artery the stored Ca was loaded according to the incubation period with environmental Ca concentrations ranging from 3 x 10-$ to 10-e M (ITOH et al., 1981) . Then, it can be assumed that a part of steady Ca influx under treatment with saponin was stored in intracellular sites and released when action potential was generated; thus far, however, there is no definite envidence for this in uterine and ileal muscles used in the present experiment.
An interaction between cytochemical agents such as filipin, digitonin, and saponin and plasma membrane cholesterol can be visualized as sterol-specific complex in freeze-fracture replicas (ELIAS et al., 1978; BRIDGMAN and NAKAJIMA, 1981) . On the other hand, the role of cholesterol in membrane fluidity and the interaction between cholesterol and membrane proteins have been pointed out (CHAPMAN, 1975; DEMEL and DE KRUYFF, 1976) . Whether the deprivation of cholesterol from plasma membrane or functional alteration of the membrane without changes in membrane constituents was responsible for the effects of saponin on the excitability and contractility of muscle cells may be a matter of controversy. The present experiment revealed that uterine muscle strips treated with saponin were characterized by recovery with exposure to Krebs solution for hours to exhibit the control responses prior to the application of saponin in both respects of contractile and membrane activities (Figs. 5, 6 , 9, and 10). These phenomena would not occur unless the uterine muscle membrane which had been chemically impaired by saponin was replenished by biosynthesis, or reconstructed Vol. 34, No. 4, 1984 by the dissociation of sterol-specific complex. The recovery in the pregnant uterine muscle may be achieved under the genomic influence of ovarian hormones. By contrast, the recovery did not occur in the longitudinal smooth muscle of rat ileum (Fig. 11) . Irreversible change of the plasma membrane by the chemical skinning with Triton X-100 has been reported for rabbit taenia coli (GoRDON, 1978) .
